Abstract In this study, submerged fermentation mode for preparing instant dark tea production was developed through utilizing industrial low grade green tea as raw material and Aspergillus niger as fermentation microbe starter. The fermentation parameters (inoculum size, liquid-solid ratio and rotation speed) were optimized by using Box-Behnken design and response surface methodology (RSM) with desirability function, the theabrownins content, redness and turbidity value as responses. The optimal conditions were set as follow: inoculum size of 5.3% (v/v), liquid-solid ratio of 27.78 mL/g, and rotation speed of 182 r/min. The optimized conditions model showed a good correlation between the predicted and experimental values. Further, the optimum product of instant dark was achieved in a 3-L laboratory fermenter, and the main parameters of product were theabrownins content of 140.92 g/kg and redness value of 40.78 and turbidity of 90.98 NTU. Sensory evaluation showed that the instant dark tea infusion approached mellow mouthfeel, an aroma of mint and a good overall acceptance.
Introduction
Tea is the second most widely consumed beverage in the world, after water (McKay and Blumberg 2002) . In China, tea is usually classified into four categories based on the degree of fermentation: unfermented tea (such as green tea), semi-fermented tea (such as Oolong tea), fully fermented tea (black tea) and post-fermented tea (such as Puerh tea, Fu-brick tea and Qingzhuan tea) (Xu et al. 2015) . Chinese traditional dark tea belong to post-fermented tea, which usually relate to microbial fermentation process (Li et al. 2017) . Aspergillus niger as predominant kind of microbes was found in different Chinese dark tea ). Dark tea not only creates a unique sensory experience, with a brownish-red color, a marked fragrance, and a full-bodied flavor, possibly due to natural fungal inoculation and fermentation ), but also constituents of dark tea can promote health by improving oral hygiene, lowering hypertension, serving as antioxidants and antibacterial agents, and by countering obesity, hyperlipidemia, hyperglycemia, allergies, and mutagens (Elvira et al. 2009; Zhang et al. 2013; Lee and Foo 2013; Kondo et al. 2015) .
Instant teas have been increasingly accepted by consumers due to the simplicity of their diet preparation, and become a fast growing segment of the tea market. Dark tea leaves (dark tea) can be made into an instant dark tea product by extracting and then drying components. Traditional dark tea preparation usually takes 1-2 months, from sun-dried tea leaves via solid-state fermentation by natural inoculation (known as a ''pile process'') and then dehydration . However, dark tea from natural inoculation may pose a potential risk for safety because of microbial contamination (Haas et al. 2013) , and most of dark tea process is not automated, resulting in low productivity and low quality consistency. Compared with solid-state fermentation by natural inoculation, submerged fermentation (SF) can be more easily controlled. Additional advantages of SF include a shortened fermentation time, less microbial contamination, and the possibility for automation (Wang et al. 2014 ). In addition, Chinese green tea ranks as the highest yields in the world, there are a large amount of low-grade green tea and industrial crop waste (trimmed leaves, tea dust and mature leaves), which will be as a cheap material of instant dark tea product by SF. Consumer satisfaction is generally affected by tea quality, and the appearance of the tea beverage is one of the key factors affecting consumer preference. Dark tea components, such as theabrownins, carbohydrates, and polyphenols, influence the flavor, taste and color of the tea beverage (Xie et al. 2009 ). Dark tea with a bright and red color is favored, and trials to produce this appearance have used exogenous enzymes, extracting at a low temperature, and different drying methods (Liang and Xu 2001; Kraujalyt_ e et al. 2016) . Tea cream, caused by a high level of combination of catechin gallates and theine can have a negative impact on the transparence of tea infusion (Liang and Xu 2001) .
Response surface methodology (RSM) as a valuable tool has been widely used to investigate the possible interactions between experimental variables and their measured responses (He et al. 2016) . RSM can also evaluate multiple factors and their interactions effectively, it is widely applied in food product design (Yuan et al. 2015; Lu et al. 2016) .
Base on our previous study on high theabrownins instant dark tea product ), the present study was focused on the fermentation parameters on influence of tea infusions color, turbidity, chemical components, and sensory characteristics. To acquire the instant dark tea production with a characteristic bright red color, clear appearance and high theabrownins content, response surface methodology (RSM) combined with a desirability function (DF) was used to optimize the parameters for SF in flasks, including inoculum size, liquid-solid ratio, and rotation speed. And the redness, turbidity and theabrownins (TB) content of fermentation tea infusion were investigated. Further, the product of instant dark tea was produced in a 3-L laboratory scale-up of SF, overall satisfaction, the characteristic profiles (redness, turbidity, theabrownins content, flavor and taste) was compared with two instant Pu-erh teas produced via conventional manufacturing method.
Materials and methods

Material and chemicals
Green tea leaves (low-grade, broken, green tea leaves with 5.7% moisture and 26.3% tea polyphenol), and two industrial product samples of instant Pu-erh tea (PET1 and PET2) were provided by Damin Foodstuff (Zhangzhou) Co., Ltd (Fujian, China).
Microorganism
Aspergillus niger (accession number: KY607770) was isolated from Anhua Fu-brick dark tea (Hunan, China). Aspergillus niger does not secrete toxins, as determined by a safety assessment using LC-MS (Fig. S1 ). Aspergillus niger was cultured on solid PDA for 3-5 days. The spores were washed by sterile 0.9% (w/v) NaCl solution to prepare a spore suspension. The concentration of spores was counted by a haemocytometer counting chamber and adjusted to 1 9 10 7 CFU/mL for inoculation of the green tea leaves.
Production of instant dark tea by submerged fermentation
Preparation of the green tea powder was according to our previous study . Green tea infusion was made by mixing the instant green tea powder and deionized water, in a ratio based on the RSM optimized design, and pasteurization at 80°C for 30 min. The A. niger spore suspension was inoculated into the pasteurized green tea infusion (100 mL) and cultured for 6 days in a shaking incubator at 37°C. Once fermentation was complete, the fermentation broth was heated to 75°C for 5 min, filtered (11 lm pore size, Whatman, UK), obtained tea filtrate, then freeze-dried using a vacuum freeze-dryer (GAMMA 1-16 LSC; Germany) to yield the instant dark tea powder.
Experimental design Response surface methodology (RSM)
In silico experiments of instant dark tea production were performed in flasks using a Box-Behnken design (BBD) with 17 runs. The independent factors were coded as -1, 0 and ? 1 denoting the low, mid and high level. Inoculum size (x 1 , 3, 5 and 7% v/v), liquid-solid ratio (x 2 , 15, 25 and 35 mL/g), and rotation speed (x 3 , 150, 180 and 210 r/min) were evaluated as independent variables that affect redness (y 1 ), turbidity (y 2 ), and TB content (y 3 ) of instant dark tea infusion.
The optimization of instant dark tea was modelled using the following quadratic polynomial regression Eq. (1):
where y is the experimental response; k 0 is the intercept term; k i , k ii and k ij are the linear, quadratic and interactive coefficients, respectively, and x i and x j are the levels of the independent variables.
Desirability function
The desirability function (DF) approach is an efficient method used to determine optimum performance levels for one or more responses simultaneously (Mourabet et al. 2012) . Redness, turbidity and TB content were positively and significantly correlated with dark tea total quality Wang et al. 2016) . The desirability function is presented as follows:
Larger-the-better,
Smaller-the-better,
) is the desirability value, d i (y i (x)), y min and y max stand for the experimental value, the lowest possible value and the highest value, respectively. The individual desirability values are combined into an overall desirability function, D, by calculating their geometric mean:
where w i is the relative weight of the response, which reflects the difference in the importance of different responses.
The scale-up experiment
The scale-up fermentations were performed in a 3-L laboratory fermenter (Hanil, Korea) with a 1.2-L working volume. The temperature was set at 37°C, initial pH of the medium was natural. Dissolved oxygen (DO) concentration was maintained at 30% of saturated air level by automatically adjusting the aeration rate Zheng et al. 2016) . Other factors impacting the fermentation were set according to the values predicted by the RSM model of the optimum condition. Grown inoculum (12 h) was transferred to an aseptic flask and further incubated (12 h). The fermentation was conducted for up to 6 days.
Analysis of tea filtrate Color
The tea filtrate was cooled to room temperature before its color was measured. The color indicators of light-dark (L), red-green (a) and yellow-blue (b), measured in a threedimensional color coordinate system (Ata et al. 2017) , were measured by the Color Quest XE (Hunter Associates Laboratory, Inc., Virginia, USA) in the transmittance mode using the supplied white plate as background.
Turbidity
The tea filtrate was cooled to room temperature before its turbidity was measured using a Turb555/Turb555IR nephelometer (WTW, Munich, Germany). The measure was expressed in nephelometric turbidity units (NTU).
Theabrownins (TB) content
The TB content was determined using a published method ). The total content of TB was calculated according to Eq. (5):
where m(g) was the quantity of the instant green tea and w (% by weight) was the moisture content of the instant green tea. The multiplier of 0.72 corrects for a different ratio of tea leaves and water used here to make the instant tea extracts compared to the values used in the original reference.
Sensory analysis
Sensory analysis was carried out in tea tasting room at the College of Tea and Food Science, Anhui Agricultural University (Hefei, China). Instant dark tea powder (0.5 g) was dissolved in 200 mL of freshly boiled water (80°C) in a tea glass. Sensory analysis was employed to evaluate each tea infusion sample for taste, fragrance and overall satisfaction, using a 10-point hedonic scale from 10 (excellent, extremely acceptable) to 1 (poor, extremely unacceptable) (Chen et al. 2010) . Tea samples were examined and scored by ten well-trained panelists (five males and five females, aged 24-55 years).
Statistical analysis
Results were expressed as the mean ± SD (n = 3) for each analysis. Analysis of variance (ANOVA) was carried out to determine any significant differences (P \ 0.05). Response surface plots were generated using Statistica 9.0 (Statsoft Inc., NY, USA). All experiments were conducted in triplicate.
Results and discussion
Modeling of the instant dark tea production process RSM was set up using 3 coded levels and 3 independent variables to predict the production conditions that would yield an instant dark tea with optimal characteristics. The modeling results for redness, turbidity and TB content are shown in Table 1 . Across 17 different parameter combinations, the redness ranged from 30.99 to 44.56, the turbidity from 79.98 to 581.51 NTU, and the TB content from 32.97 to 149.52 g/kg.
To evaluate the mutual interactions of the independent and dependent variables, the R 2 values, F-values and Pvalues were determined from the modeled responses (Table 2) . A second-order polynomial model (Eq. 1) fit the experimental data well, with R 2 values of 0.9817, 0.9979 and 0.9919 for redness, turbidity and TB content, respectively, indicating that the total variance could be explained by the model. For both responses, mathematical models were statistically acceptable due to significant regression (P m \ 0.05) and non-significant lack of fit (P lf [ 0.05). Moreover, the coefficient of variation (CV) was low (CV \ 10%). The result indicated that the degree of precision was high and the modeled results were predictive. The second-order polynomial Eqs. (7)- (9) described the relationship between inoculum size (x 1 ), liquid-solid ratio (x 2 ) and rotation speed (x 3 ). 
Effect of independent variables on response values in the RSM model
From the regression evaluation, it could be observed that the three independent variables each has a linear effect on the response values (the redness, turbidity and TB content) within the experimental fermentation range. As shown in Table 2 , the redness of the instant dark tea was significantly affected by inoculum size, liquid-solid ratio and rotation speed at the level of P \ 0.05. All quadratic terms were more significant at P \ 0.01. The interaction of x 1 x 3 and x 2 x 3 were highly significant at P \ 0.01, while x 1 x 2 was non-significant (P [ 0.05). The turbidity of the instant dark tea was significantly affected by inoculum size, liquid-solid ratio and rotation speed at the level of P \ 0.01. All quadratic terms were more significant at P \ 0.01. The interaction of x 1 x 2 and x 2 x 3 were highly significant at P \ 0.01, followed by x 1 x 3 at P \ 0.05. The TB content of instant dark tea was significantly affected by inoculum size, liquid-solid ratio and rotation speed at the level of P \ 0.01. All quadratic terms were more significant at P \ 0.01. The interaction of x 1 x 2 and x 2 x 3 were non-significant (P [ 0.05). The redness response increased as the three fermentation factors increased. Near the midpoint of the response plot, the redness value reached its highest. The redness value was negatively influenced if any of the three parameters were outside of the midpoint (Fig. 1a-c) . A high redness value was predicted with a moderate liquid-solid ratio and inoculum size (Fig. 1a ). The redness increased and then decreased with increasing rotation speed (Fig. 1b, c) .
The turbidity is an important property of tea infusion ). In the model, the turbidity ranged from 79.28 to 581.51 and decreased when any one preparation parameter increased near the midpoint of the response plot. The turbidity was negatively influenced if a parameter passed the midpoint (Fig. 1d-f) . A lower liquid-solid ratio and inoculum size would result in a small turbidity value (Fig. 1d) . When the microorganisms and nutrients achieve dynamic equilibrium, the microorganisms can secrete abundant enzymes, which leads to low turbidity of a tea infusion (Hama et al. 2015) .
The yield for TB content (Fig. 1g-i ) was similar to the trends for redness (Fig. 1a-c) . The maximum modeled TB yield was 149.52 g/kg at 5% (v/v) inoculum size, a liquidsolid ratio of 25.00 mL/g and a rotation speed of 180 r/min (Table 1) . A high rotation speed can accelerate the growth of microbes because of increased oxygen in the broth Sharma et al. 2015) . However, too high of a rotation speed can cause drastic friction between the fungus and the reactor, which would restrict the fungal growth . The quality of the dark tea infusion (redness value, turbidity and TB content) was mainly associated with secretion of enzymes such as polyphenol oxidase and peroxidase by the microbe (Peng et al. 2013; Wang et al. 2016) . Under the appropriate culture conditions, enzyme secretion by A. niger would work to oxidize the tea polyphenols (especially catechins) into pigment , and cause an increase in redness and TB content. In contrast, turbidity of the tea infusion would decline because of a decrease in tea cream content (Ni et al. 2015; Lu et al. 2016 ).
Optimization of modeled parameters by the desirability function
The desirability function was added to the RSM to simultaneously maximize the redness value and TB content and minimize the turbidity of the dark tea infusion. Limits (y i min and y i max ) were set for each parameter that was used to achieve optimization of the three responses (Table 3) . The composite desirability (D) were plotted in Fig. 2 . It directed that for the fermentation process, inoculum size of 5.3% (v/v), liquid-solid ratio of 27.78 mL/g and rotation speed of 182 r/min will yield 44.11 redness, 83.59 NTU turbidity and 147.28 g/kg TB content with overall desirability value of 0.985. y i min and y i max stand for the experimental value, the lowest possible value and the highest value, respectively; w i is the relative weight of the response, which reflects the difference in the importance of different responses
Verification of the modeled preparation conditions and scale-up experiment
To confirm the reliability of the models, an experiment was performed under the predicted optimal conditions of 5.3% (v/v) inoculum size, 27.78 mL/g liquid-solid ratio and 182 r/min rotation speed. The resulting tea filtrate had a redness value of 42.35, a turbidity of 86.72 NTU and a TB content of 142.56 g/kg. The errors between the predicted and experimental values were all smaller than 5%, indicating good agreement between the model and the experiment.
Based on the experimental data, the same conditions inoculum size of 5.3% (v/v), liquid-solid ratio of 27.78 mL/g and rotation speed of 182 r/min were used in a 3-L fermenter. The instant dark tea produced in this fermentation reaction yielded a tea infusion with a redness value of 40.78, a turbidity of 90.98 NTU and 140.92 g/kg of TB. This result further demonstrated that additional usage of the desirability function could be an efficient approach to model parameter values for fermentation reactions.
Characteristic profiles of the dissolved instant dark tea
The instant dark tea (IDT) produced by the optimized submerged fermentation protocol was compared to two commercially available Pu-erh teas which are produced by solid state fermentation of green tea leaves (Table 4 ). The instant dark tea (IDT) produced here in yielded a tea beverage with a higher redness value, clear and transparent, and higher TB content in comparison with the instant Puerh tea 1 (PRT1) and the instant Pu-erh tea 2 (PRT2). There were no significant differences between the IDT and PRT1 for aroma and overall satisfaction. The aromas from IDT and PRT2 were significantly different, with the IDT having a marked aroma of mint, while PRT2 emitted an aroma after aging. Taste from IDT significantly differed from that of PRT1 and PRT2. The IDT approached mellow taste, while PRT2 presented a stale and mellow taste. In conclusion, the IDT yielded a beverage that was bright red in color with approach of mellow mouthfeel that carried an aroma of mint.
Conclusion
In this work, RSM combined with desirability function was used to successfully model parameters for the preparation of instant dark tea with a characteristic bright red color, clear appearance and high TB content. The instant dark tea with approach of mellow mouthfeel and aroma of mint, which was produced using the optimized conditions Fig. 2 Individual response and composite desirability of the RSMmodeled optimum conditions for fermentation of instant dark tea. x 1 , x 2 and x 3 represent inoculum size, liquid-solid ratio and rotation speed, respectively. y 1 , y 2 and y 3 represent redness value, turbidity and TB content Flavor, taste and overall acceptance of tea infusions were evaluated by consumers using a ten-point hedonic scale. Instant dark tea produced through the optimized fermentation (IDT), and two samples of instant Pu-erh tea (PRT1 2) were prepared into beverage by dissolving 0.5 g in 250 mL of distilled water (80°C). Within the same column, values marked with different superscript letters (a-c) indicate a difference at P \ 0.05. Data represent the mean ± SD from three beverage mixes for each tea sample (inoculum size of 5.3% (v/v), liquid-solid ratio of 27.78 mL/g and rotation speed of 182 r/min), appeared a higher redness in color, lower turbidity and a higher TB content compare with commercial instant Pu-erh teas. This study showed that it was feasible to prepare instant dark tea using abundant industrial crop low-grade green tea as raw materials via submerged fermentation.
